ABSTRACT An assessment was made of the toxicity of 12 insecticides and three essential oils as well as Bacillus thuringiensis subsp. israelensis (Bti) alone or in combination with the oil major constituents (E)-anethole (AN), (E)-cinnamaldehyde (CA), and eugenol (EU; 1:1 ratio) to third instars of bamboo forest-collected Aedes albopictus (Skuse) and rice paddy Þeld-collected Anopheles sinensis Wiedemann. An. sinensis larvae were resistant to various groups of the tested insecticides. Based on 24-h LC 50 values, binary mixtures of Bti and CA, AN, or EU were signiÞcantly more toxic against Ae. albopictus larvae (0.0084, 0.0134, and 0.0237 mg/liter) and An. sinensis larvae (0.0159, 0.0388, and 0.0541 mg/liter) than either Bti (1.7884 and 2.1681 mg/liter) or CA (11.46 and 18.56 mg/liter), AN (16.66 and 25.11 mg/liter), or EU (24.60 and 31.09 mg/liter) alone. As judged by cotoxicity coefÞcient (CC) and synergistic factor (SF), the three binary mixtures operated in a synergy pattern (CC, 140.7Ð368.3 and SF, 0.0007Ð 0.0010 for Ae. albopictus; CC, 75.1Ð245.3 and SF, 0.0008 Ð 0.0017 for An. sinensis). Global efforts to reduce the level of highly toxic synthetic insecticides in the aquatic environment justify further studies on the binary mixtures of Bti and essential oil constituents described, in particular CA, as potential larvicides for the control of malaria vector mosquito populations.
Malaria is transmitted by Anopheles mosquitoes (Mullen and Durden 2009). In 2009, it was estimated that approximately half the worldÕs population in 106 malaria-endemic countries is at risk of malarial infection, and that 225 million people contract malaria each year, with at least 781,000 deaths annually, mostly among children (World Health Organization [WHO] 
2010).
Plasmodium vivax malaria has reemerged in many malaria-endemic areas where the disease was believed to have been eradicated (Sattabongkot et al. 2004 ). However, a malaria vaccine is not yet available (PATH 2009) . Of the eight anopheline mosquito species in South Korea (Joshi et al. 2009 ), Anopheles kleini Rueda, Anopheles pullus M. Yamada, and Anopheles sinensis Wiedemann are considered as the primary vectors of P. vivax malaria near the Korean Demilitarized Zone (Lee et al. 2007 ). In particular, An. sinensis is the major vector involved in the transmission of P. vivax along the border of North Korea since 1993 (Ree et al. 2001 . The annual incidence of malaria increased dramatically and reached a peak of 4,142 cases in 2000 in South Korea (Anonymous 2005) .
Mosquito larval abatement has been achieved principally by the use of contact insecticides, insect growth regulators, and bacterial larvicides (WHO 2006) , which continue to be effective larvicides. In particular, the use of conventional synthetic insecticides for the control of rice and veterinary pests has accelerated the evolution of insecticide resistance because rice paddies and domestic animal farms are good breeding sites for the anopheline mosquitoes (Shin et al. 2003 , Chang et al. 2009 ). Increased levels of resistance to the commonly used insecticides have led to multiple treatments at excessively high application rates that raise serious human health and environmental concerns. Increasing public concern for the environmental effects of insecticides, groundwater contamination, human health effects, and undesirable effects on nontarget organisms intensiÞes when repeated applications of conventional insecticides become necessary. Therefore, there is a critical need for the development of selective control alternatives to establish an efÞcient resistance management strategy and tactics based on all available information on the extent and nature of resistance in mosquitoes.
Biocides derived from plant essential oils have been suggested as an alternative for mosquito larvicides largely because the oils constitute a potential source of bioactive secondary substances that are perceived by the general public as relatively safe, with fewer risks to the environment, and minimal impacts to human and animal health (Sukumar et al. 1991 , Shaalan et al. 2005 , Isman 2006 ). They often act at multiple and novel target sites (Kostyukovsky et al. 2002 , Priestley et al. 2003 , Isman 2006 , thereby reducing the potential for resistance (Perumalsamy et al. 2010 , Wang et al. 2012 . Complex mixtures exerting synergistic actions are considered to have a higher and longer lasting effect than pure organic compounds alone (Hummelbrunner and Isman 2001, Perumalsamy et al. 2012 ). In the screening of essential oils for mosquito larvicidal activity, cassia bark (CS), clove bud (CB), and star anise (SA) oils were shown to have toxicity against third instars of wild An. sinensis and Aedes albopictus (Skuse). However, no information is available concerning the potential use of binary mixtures of Bacillus thuringiensis subsp. israelensis (Bti) and the oil constituents for managing mosquitoes, although joint toxic effects of insecticides with plant extracts on different mosquito species have been well documented (Shaalan et al. 2005 ).
In the current study, an assessment was made of the potential of Bti alone or in combination with (E)-cinnamaldehyde (CA), eugenol (EU), or (E)-anethole (AN), which are major constituents identiÞed in CS, CB, and SA oils, respectively, at a 1:1 ratio against third instars from wild An. sinensis and Ae. albopictus. The toxicities of the binary mixtures were compared with those of four currently available larvicides, including fenthion, fenitrothion, temephos, and Bti for use as future commercial mosquito larvicides.
Materials and Methods
Materials. CS, CB, and SA oils were purchased from Berjé (http://www.berjeinc.com; BloomÞeld, NJ). Pure organic AN, CA, and EU were purchased from Sigma-Aldrich (St. Louis, MO). Twelve different insecticides used in this study were as follows: bifenthrin (97.0% active ingredient [AI]), ␤-cyßuthrin (98.0% AI), ␣-cypermethrin (97.5% AI), deltamethrin (99.5% AI), etofenprox (96.5% AI), permethrin (95.5% AI), chlorpyrifos (98.5% AI), fenthion (95.5% AI), fenitrothion (98.5% AI), and chlorfenapyr (99.0% AI) purchased from Sigma-Aldrich; temephos (95.6% AI) purchased from Fluka (Buchs, Switzerland); Bti (ITU Ͼ3500) purchased from Seongin Pharmaceutical (Seoul, South Korea). Triton X-100 was supplied by Shinyo Pure Chemicals (Osaka, Japan). All other chemicals used in this study were of reagent grade quality and available commercially.
Mosquitoes. Engorged Anopheles and Ae. albopictus females were collected from cow sheds and bamboo forest near a village in Jeonju (Jeonbuk, South Korea), respectively, from late July to late August 2011 using Shinyoung black light FL-6W traps (Seoul, South Korea). The cow sheds had varying histories of insecticide use, while no insecticide had been applied to the bamboo forest. They were immediately transferred to an insect rearing room at the Korea National Institute of Health (Osong, Chungbuk, South Korea). Females were placed individually in paper cups (350 ml) lined with Þlter paper and Þlled with 150 ml of distilled water. Larvae were separately reared in plastic trays (27 by 15 by 4 cm) containing 0.5 g of sterilized diet (Vivid-S:Super Terramin, 4:1 by weight). Vivid-S and Super Terramin were purchased from Sewhapet (Inchon, South Korea). Adult mosquitoes were maintained on a 10% sucrose solution and were allowed to blood-feed on mice. All stages were maintained at 27 Ϯ 1ЊC and 65 to75% relative humidity under a photoperiod of 12:12 (L:D) h cycle. Species identiÞcation for Anopheles females by polymerase chain reaction (Wilkerson et al. 2003 , Li et al. 2005 conÞrmed that females from the wild collections were An. sinensis.
Gas Chromatography. An Agilent 6890N gas chromatograph (Santa Clara, CA) equipped with a split injector and a ßame ionization detection system was used to separate and detect the constituents of the tested essential oils. Analytes were separated using a J&W ScientiÞc 30 m ϫ 0.25 mm internal diameter (d f ϭ 0.25 m) HP-5MS capillary column (Folsom, CA). The oven temperature was programmed from 50ЊC (5 min isothermal) to 280ЊC at 5ЊC/min (held for 10 min at Þnal temperature). The linear velocity of the helium carrier gas was 34 cm/s at a split ratio of 1:10. Oil constituents were identiÞed by coelution of authenticated samples after coinjection.
Gas Chromatography-Mass Spectrometry (GC-MS). GCÐMS analysis was performed using an Agilent 6890N gas chromatographÐAgilent 5973N MSD mass spectrometer. The capillary column and temperature conditions for the GCÐMS analysis were the same as described above for GC analysis. The helium carrier gas column head pressure was 15.7 psi (108.4 kPa). The ion source temperature was 230ЊC. The interface was kept at 280ЊC, and mass spectra were obtained at 70 eV. The sector mass analyzer was set to scan from 25 to 800 amu every 0.35 s. Chemical constituents were identiÞed by comparison of the mass spectra of each peak with those of authentic samples from a mass spectrum library (McLafferty 2000) .
Bioassay. A direct-contact mortality bioassay was used to evaluate the toxicity of all materials to third instars from wild mosquito populations (Perumalsamy et al. 2010) . Based on the preliminary test results, binary mixtures of Bti and each compound (AN, CA, and EU) at a 1:1 ratio were used because binary mixtures at 1:2 and 1:3 ratios were less toxic than a 1:1 mixture. Each test material (except for Bti) in ethanol was suspended in distilled water with Triton X-100 (20 l/liter). Bti was diluted in water containing Triton X-100 (20 l/liter). Groups of 25 mosquito larvae in paper cups (350 ml) were separately exposed to each test material emulsion (250 ml). The toxicity of each material was determined with four to six concentrations ranging from 0.0001 to 100 mg/liter. Negative controls consisted of the ethanolÐTriton X-100 solution in distilled water or Triton X-100 solution alone in distilled water. All treatments were replicated three times using 25 larvae per replicate.
Treated and control larvae were held under the same conditions as those used for colony maintenance. At 24 h posttreatment, a larva was considered dead if it did not move when prodded with a Þne wooden dowel. Because not all bioassays could be conducted at the same time, treatments were blocked over time with a separate control treatment included in each block. Freshly prepared solutions were used for each block of bioassays (Robertson and Preisler 1992) .
Data Analysis. Data were corrected for control mortality using AbbottÕs (1925) formula. ConcentrationÐ mortality data were subjected to probit analysis (SAS DOC, 2008, version 9.2, SAS Institute, Cary, NC). A compound having LC 50 Ͼ100 mg/liter was considered ineffective. LC 50 values for each species and their treatments were considered to be signiÞcantly different from one another when their 95% CL failed to overlap. The relative susceptibility ratio (RSR) was deÞned as the ratio of LC 50 of third instars from wild An. sinensis to LC 50 of third instars from wild Ae. albopictus. RSR values of Ͻ10, 10 Ð 40, 40 Ð160, and Ͼ160 were classiÞed as low, moderate, high, and extremely high, respectively. The cotoxicity coefÞcient (CC) and synergistic factor (SF) were calculated according to the methods of Sun and Johnson (1960) and Kalyanasundaram and Das (1985) , respectively. Values of SF Ͻ1 indicate synergism and SF Ͼ1 indicate antagonism.
Results
Major Constituents of Test Essential Oils. The major constituents of CS, CB, and SA oils were CA (retention time [RT], 22.04 min), EU (RT, 24.33 min), and AN (RT, 22.46 min), respectively (Fig. 1) . CA, EU, and AN (Fig. 2) comprised 65.9, 77.3, and 85.7% of the CS, CB, and SA oils, respectively.
Comparative Toxicity of Test Insecticides. The comparative toxicity of 12 insecticides to third instars of wild Ae. albopictus was examined using a directcontact mortality bioassay (Table 1) . Based on 24-h LC 50 values, ␤-cyßuthrin (0.0013 mg/liter) was the most toxic insecticide, followed by bifenthrin (0.0023 mg/liter). Strong toxicity was also observed with fenthion, deltamethrin, and ␣-cypermethrin (LC 50 , 0.0033Ð 0.0036 mg/liter). LC 50 of temephos, fenitrothion, chlorpyrifos, chlorfenapyr, and permethrin was between 0.0056 and 0.0087 mg/liter. Low toxicity was produced by Bti and etofenprox. Mortality in the ethanolÐTriton X-100-water-treated controls or Triton X-100-water-treated controls was Ͻ2%.
An. sinensis larvae were less susceptible than Ae. albopictus larvae (Table 2) . RSR varied according to insecticide examined. Extremely high RSR (371Ð 1,297) was observed in ␣-cypermethrin, deltamethrin, permethrin, ␤-cyßuthrin, and bifenthrin, whereas high RSR (97Ð131) was observed in chlorpyrifos and temephos. Moderate RSR (Ϸ11) was observed in chlorfenapyr, fenthion, and fenitrothion. Low RSR (Ͻ2) was observed in etofenprox and Bti. Toxicity of Essential Oils and Major Constituents. The toxicity of the three essential oils and their major constituents to third instars from wild Ae. albopictus was likewise compared (Table 3) . As judged by 24-h LC 50 values, CS oil was signiÞcantly more toxic than CB oil. The toxicity of CS and SA oils did not differ signiÞcantly. CA was signiÞcantly more toxic than EU, whereas CA and AN did not differ signiÞcantly in toxicity. Overall, all of the tested oils and constituents were less toxic than fenthion, temephos, fenitrothion, chlorpyrifos, or Bti (Table 1) .
The toxic effects of the tested materials on third instars from wild An. sinensis were likewise compared (Table 3) . Interestingly, the toxicity of the tested materials was virtually identical against both An. sinensis and Ae. albopictus larvae.
Toxicity of Binary Mixtures. The toxicity of binary mixtures (1:1 ratio) of each test material to wild Ae. albopictus larvae was likewise compared (Table 4) . Binary mixtures of Bti and CA, AN, or EU were signiÞcantly more toxic than Bti (Table 1) or corresponding constituent alone (Table 3 ). The binary mixtures were 213, 133, and 75 times more toxic than Bti. Based on CC and SF values, the three binary mixtures operated synergistically (CC, 140.7Ð368.3; SF, 0.0007Ð 0.0010) against wild Ae. albopictus larvae. The binary mixtures of CA and AN, CA and EU, or AN and EU at a 1:1 ratio did not differ signiÞcantly in toxicity from CA, AN, or EU alone (Table 3) .
Against An. sinensis larvae (Table 5) , binary mixtures of Bti and CA, AN, or EU (1:1 ratio) were signiÞcantly more toxic than Bti (Table 2) or corresponding constituent alone (Table 3 ). The binary mixtures were 136, 56, and 40 times more toxic than Bti. As judged by CC and SF values, the three binary mixtures operated in a synergy pattern (CC, 75.1Ð245.3; SF, 0.0008 Ð 0.0017) against wild An. sinensis larvae. The binary mixtures of CA and AN, CA and EU, or AN and EU at a 1:1 ratio did not show synergistic action.
Discussion
Our current laboratory Þndings clearly indicate that binary mixtures of Bti and CA, AN, or EU (1:1 ratio) exhibited a synergistic action against both wild Ae. albopictus and An. sinensis larvae based on the CC and SF values. In particular, a Bti and CA mixture was the most effective larvicide. In addition, Ae. albopictus larvae were more susceptible to the tested insecticides (except for etofenprox and Bti) than An. sinensis larvae. This susceptibility difference might be associated with the development of resistance to the insecticides in An. sinensis larvae. Because An. sinensis breeds mainly in paddy Þelds, it is under heavy selection pressure due to the agricultural applications of insec- ticides ). Many of the insecticides currently used in South Korea have failed to control anopheline mosquitoes, most probably because of the development of resistance (Shin et al. 2003 , Chang et al. 2009 ). However, Ae. albopictus might have not developed resistance to insecticides because it occurs predominantly in forests without treatment of insecticides. Yoo et al. (2013) reported mosquito strains from agricultural areas had signiÞcantly lower susceptibility to all of the insecticides tested than mosquito strains from nonagricultural areas. This original Þnd-ing indicates that these binary mixtures may hold promise for the development of novel and effective mosquito larvicides, even against currently insecticide-resistant mosquito populations. Synergistic action was also reported in the binary mixtures of Bti and seed extract of neem, Azadirachta indica A. Juss (Meliaceae), against larvae of Ochlerotatus togoi Theobald (Hellpap and Zebitz 1986) , and in the binary mixtures of Bti and neem oil or pongamia, Pongamia pinnata L.
(Fabaceae), oil against larvae of Culex quinquefasciatus Say (Murugan et al. 2002) . Investigations on the joint toxic action mechanisms of binary mixtures and insecticide resistance mechanisms are of practical importance for mosquito control largely because they may provide useful information on the most appropriate formulations to be adopted for their future commercialization and for future resistance management (Perumalsamy et al. 2012) . Furthermore, they can provide useful information on the development of new mosquito larvicides. Alternative mosquito control agents with novel modes of action, low mammalian toxicity, low toxicity to aquatic nontarget organisms, and low aquatic environmental impact are urgently needed. However, limited information is available on the toxic effects of binary mixtures of Bti and phytochemicals on mosquitoes, in particular insecticide-resistant mosquitoes, although the enhanced toxicity of binary mixtures of some plant extracts with an insecticide against different mosquito species has been well documented (Shaalan et al. 2005) . Joint action mechanisms of binary mixtures of chemicals include interference with the otherÕs activation, or with its detoxiÞcation reaction induced by enzyme systems such as cytochrome P450 monooxygenases, and glutathione S-transferases and/or esterases (leading to rapid detoxiÞcation or sequestration of a chemical), or with both in insects (Corbett 1974 , Perumalsamy et al. 2012 . The most plausible explanation for the enhanced toxicity of a binary mixture might be the hypothesis that one toxicant interferes with the enzymatic detoxiÞcation of the second toxicant, thereby potentiating its toxicity (Corbett 1974) . Thangam and Kathiresan (1990) studied the toxicity of DDT, BHC, and malathion, and the effects of their synergism with leaf and ßower extracts of Bougainvillea glabra Choisy (Nyctaginaceae) on larvae of Culex sitiens Wiedemann. They suggested that synergism might be due to plant extract inhibiting factors, such as detoxifying enzymes in the mosquito larvae. It has been also demonstrated that neem or pongamia oil acted synergistically with Bti against Cx. quinquefasciatus larvae, and the binary mixture caused swelling of mitochondrial cristae and endoplasmic reticulum followed by enlargement of vacuoles and condensation of the mitochondrial matrix (Murugan et al. 2002) .
In the current study, CA, AN, and EU have acted as powerful synergists, enhancing the effectiveness of Bti against both wild Ae. albopictus and An. sinensis larvae. However, individual compounds are active at high concentration, which makes them uneconomical for practical use. The optimum ratio of binary mixtures (Bti and CA, AN, or EU) was determined to be 1:1. Kuppusamy et al. (2011) reported that binary mixtures of Bti and ethanol extract from whole plant of Andrographis paniculata Nees (Acanthaceae) against Anopheles stephensi Liston exhibited a synergistic action at all tested ratios (1:4, 1:2, and 1:1). The toxicity of the binary mixtures gradually increased when a mixing rate of the plant extract increased. In addition, CA, AN, and EU are virtually equal in toxicity to both insecticide-susceptible Ae. albopictus and insecticideresistant An. sinensis larvae, suggesting that these compounds and the pyrethroid and organophosphorus insecticides do not share a common mode of action or elicit cross-resistance. The improved effectiveness of toxicity of the binary mixtures might be attributable to the inhibition of detoxifying enzymes. However, detailed tests are needed to fully understand the exact synergy mechanism of the binary mixture of Bti and essential oil constituents.
In conclusion, the binary mixtures of Bti and CA, AN, or EU (1:1 ratio) could be useful as larvicides in the control of mosquito populations, particularly because of their activity against insecticide-resistant mosquito larvae. For practical use of the binary mixtures as novel larvicides to proceed, further research is needed to establish their safety with respect to humans. In addition, their effects on nontarget aquatic organisms and the aquatic environment need to be established. Lastly, detailed tests are needed to understand how to improve larvicidal potency and stability for eventual commercial development.
